The 2016 guideline on the work-up of primary aldosteronism recommended that patients with obstructive sleep apnea-hypopnea syndrome (OSAS) be screened. This study aimed to identify the clinical characteristics of snoring patients with primary aldosteronism (PA) complicated by OSAS. Sixty-eight self-reported or witnessed snoring patients and 609 non-snoring patients diagnosed with PA between 2010 and 2015 were recruited in this retrospective study. Compared to non-snoring patients, snoring patients had significantly (P < 0.05) higher body mass index (BMI), diastolic blood pressure (DBP), and serum and urinary sodium, as well as lower estimated glomerular filtration rate (eGFR). Moreover, snoring patients exhibited significantly (P < 0.01) higher plasma renin activity levels and lower plasma aldosterone levels and aldosterone-to-renin activity ratios (ARRs) than patients with PA alone. When age, sex, duration of hypertension, and BMI were matched between groups, snoring patients still showed significantly (P < 0.05) higher plasma renin activity, serum and urinary sodium, and lower ARR and eGFR than those in the PA-only group. All 68 snoring patients underwent polysomnography, with 7 having mild (apnea-hypopnea index (AHI) ≥ 5 and <15), 21 moderate (AHI ≥ 15 and <30), and 40 severe (AHI ≥ 30) OSAS. The BMI of patients with OSAS was negatively correlated with the lowest SaO 2 (r = −0.318, P = 0.018) but not with the AHI. In conclusion, snoring patients with PA tend to have increased BMI and DBP, as well as decreased eGFR and ARR. Snoring patients with PA had higher prevalence of moderate-to-severe OSAS.
Introduction
Both primary aldosteronism (PA) and obstructive sleep apnea-hypopnea syndrome (OSAS) are common forms of secondary hypertension. Recent studies have found that the prevalence of OSAS among patients diagnosed with PA is 6.7% [1] and reaches 59.4% in PA patients with resistant hypertension [2] . On the contrary, the prevalence of PA among patients diagnosed with OSAS is 34% [3] . Previous studies found aldosterone to be the essential link between PA and OSAS [4] . The severity of obstructive sleep apnea is related to aldosterone status in subjects with resistant hypertension [5] . Under normal physiological status, fluid redistribution occurs during sleep because of the body's position, resulting in a greater shift to the throat and neck at night. Excessive aldosterone further aggravates submucosal edema in the upper airway during sleep owing to water-sodium retention and elevated blood volume, thereby increasing upper airway resistance and promoting the development of OSAS [6] . Moreover, OSAS induces the activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system (RAAS) by repetitive hypoxemia and hypercapnia at night, leading to worsening blood pressure control and target organ damage in patients with PA [7] . Both PA and OSAS can result in serious cardiovascular and renal diseases, as well as metabolic syndrome. Therefore, the Endocrine Society revised the requirement of PA screening for OSAS patients in the clinical practice guideline for primary aldosteronism in 2016 [8] . To date, there are few studies focusing on the clinical characteristics of patients afflicted with both diseases or on the influence of OSAS on the workup of PA [9] . Loud snoring, nighttime choking or gasping, and daytime excessive sleepiness are the major indicators of OSAS. This retrospective study first aimed to determine the clinical characteristics of PA patients with or without above sleep disorders and to identify the differences in target organ damage, metabolic disorder, levels of renin and aldosterone, and the aldosterone-to-renin ratio (ARR) between both groups, then the profile of patients complicated with OSAS confirmed by the polysomnography (PSG) were analyzed.
Methods
This retrospective study included hospitalized patients who were diagnosed with PA at the Department of Hypertension, Ruijin Hospital, during 2010-2015.
The diagnostic workup for PA was performed according to the Endocrine Society's clinical guidelines for PA (2008) [10] , as reported in our previous study [11] . Before and during the workup, patients were advised to follow a diet with regular salt intake and to withdraw spironolactone or amiloride administration for at least 6 weeks; nonpotassium-sparing diuretics for 4 weeks; and β-blockers, angiotensin-converting enzyme inhibitors, and angiotensin II type 1 receptor blockers for 2 weeks. Nondihydropyridine calcium blockers and/or α 1 -blockers were prescribed for blood pressure control as necessary. All blood samples were collected at approximately 8:00 a.m. after the patients had slept at the hospital overnight. Plasma and urinary aldosterone were measured simultaneously with serum electrolytes. All measurements were performed in a laboratory accredited by the College of American Pathologists (No. 7217913). Plasma aldosterone concentration (PAC) and plasma renin activity (PRA) were measured using radioimmunoassays following the manufacturer's instructions (Beckman Coulter). The intra-assay and interassay coefficients of variation were 9.3% and 9.5% for aldosterone and 10.1% and 10.2% for renin activity, respectively. The reference values were 29.4-313.3 pg/mL for PAC and 0.1-17.4 ng/mL·h for PRA, respectively. Patients with baseline serum potassium levels <3.5 mmol/L were administered with potassium chloride supplements to ensure that they were normokalemic before testing and adrenal venous sampling.
The diagnosis of PA was based on a plasma aldosterone/ renin activity ratio of >240 pg·mL/ng·mL·h from two independent blood samples [12] and confirmed with a saline infusion test in which patients were infused with 500 mL of 0.9% saline hourly for 4 h (between 8:00 a.m. and 12:00 p.m.); PA was confirmed by post-infusion PAC levels >60 pg/mL.
Patients underwent adrenal vein sampling (AVS) if they were candidates for adrenalectomy and if they were willing to receive the operation [10, 13] AVS was conducted without cosyntropin stimulation and with subsequent catheterization. A selectivity index (defined as the concentration ratio of adrenal venous plasma cortisol to peripheral plasma cortisol) ≥3 was considered to indicate correct catheterization. A lateralization index (defined as the ratio of cortisol-corrected aldosterone from the dominant side to that of the non-dominant side) ≥2 was considered to indicate lateralization.
The criteria for unilateral adrenalectomy were mainly based on the 2008 Endocrine Society's guideline for PA [10] and the 2014 AVS expert consensus [13] . In brief, patients with lateralization index ≥2 after AVS underwent unilateral adrenalectomy. Patients who were aged <40 years, had a florid primary aldosteronism phenotype, and who had clear unilateral adrenal nodular adenoma ≥10 mm and a normal contralateral adrenal gland on computed tomography imaging bypassed AVS and received adrenalectomy directly. No patients were estimated to have a contraindication of surgery.
Patients were interviewed with their sleep status on the day of hospitalization. Patients with self-reported or witnessed loud snoring or apnea during nighttime or daytime sleepiness underwent PSG. They were included in the "PA with snoring" group, other patients were included in the "PA only" group. Patients in these two groups were matched by age, sex, duration of hypertension, and body mass index (BMI) in a ratio of 1:2 for the purpose of further analysis. OSAS was diagnosed based on an apnea-hypopnea index (AHI) of ≥5/h [14] .
All patients underwent biochemical analyses of plasma glucose, creatinine, uric acid, electrolytes, renin activity, plasma aldosterone, 24-h urinary aldosterone, and 24-h urine protein, as well as echocardiography. Those with common secondary hypertensive conditions such as renal artery stenosis, renal parenchymal hypertension, Cushing's syndrome, and pheochromocytoma were excluded. This study was approved by the Ruijin Hospital Ethics Committee, and all participants provided written informed consent.
Statistical analyses
All data were analyzed by using the SPSS statistical software, version 20.0 (IBM, Armonk, NY). Normally distributed variables were analyzed using Student's t test or analysis of variance test. Variables without Gaussian distributions were analyzed using Student's t test if the data met Gaussian distribution after logarithmic transformation; otherwise, a non-parametric test was used. The χ 2 test was used for nominal data. Pearson correlation analysis was used to determine the relationship among parameters. All normally distributed variables are presented as means ± standard deviations, and variables that did not exhibit a Gaussian distribution are presented as medians. Statistical significance was considered at P < 0.05.
Results
Comparison between patients with PA and snoring vs. those with PA only A total of 677 patients with PA were recruited, including 68 who had self-reported or witnessed loud snoring, apnea, or daytime sleepiness. Compared to the control group, patients with PA and snoring had higher proportions of men; obese patients/higher BMIs; those taking higher numbers of antihypertensive medications; higher diastolic blood pressure, triglyceride levels, low-density lipoprotein, creatinine, serum sodium, and 24-h urinary sodium; and lower estimated glomerular filtration rate (eGFR) levels (Table 1) . Overall, 25 out of 187 (13.4%) resistant hypertension patients with PA had snoring. There was no difference in the prevalence of resistant hypertension between the groups.
As shown in Table 2 , PRA at the supine and standing positions in patients with PA with snoring was significantly higher than in patients with PA alone (P < 0.001); the proportion of renin activity >1 ng/mL·h in the standing position was also higher in the former group than the latter. The plasma aldosterone in the standing position and 24-h urinary aldosterone levels were relatively lower in the PA with snoring group; and there were significant differences in the plasma aldosterone levels at the supine position and in the ARR value at the standing and supine positions between groups (P < 0.01).
In total, 260 (42.7%) patients with PA alone and 31 (45.6%) patients with PA and snoring received AVS (P > 0.05). Respectively, 159 (61.2%) and 18 (58.1%) patients showed lateralization (P > 0.05). Of the 244 patients with PA alone who received unilateral adrenalectomy (surgery rate: 40%), pathological subtyping revealed that 126 (51.64%) had adenoma, 116 (47.54%) had hyperplasia, and 2 (0.82%) had an unknown histology. In patients with PA and snoring, 15 underwent surgery (surgery rate: 22%): 1 (6.67%) had adenoma, and the remaining 14 (93.33%) had hyperplasia. The differences in operation rate and pathological subtypes between the 2 groups were significant (P < 0.01).
Comparison of patients with PA and snoring vs. those with PA only after matching of characteristics After matching according to age, sex, duration of hypertension, and BMI, 121 patients with PA only and 66 with PA and snoring patients were analyzed (2 patients with PA and snoring could not be matched owing to excessive BMI and were thus excluded). No significant differences in blood pressure, blood glucose level, triglycerides, low-density lipoprotein, or 24-h urinary protein levels were observed between these 2 subgroups. Nevertheless, the PA with snoring subgroup showed significantly higher serum sodium and 24-h urinary sodium levels, as well as lower eGFR, than the PA-only subgroup. There was no significant difference in plasma and urinary aldosterone levels between the two groups; however, compared to PA-only patients, those with PA and snoring showed significantly higher renin activity levels, higher proportions of renin activity >1 ng/mL·h at the standing and supine positions, and lower ARRs (P < 0.05; Table 3 ). Furthermore, 40 patients of the PA-only subgroup and 15 patients of the PA with snoring subgroup underwent unilateral adrenalectomy. There was a significant difference in pathological subtypes between these 2 subgroups, accounting for adenoma (42.5% vs. 6.67%) and hyperplasia (57.5% vs. 93.33%) (P < 0.05).
Clinical characteristics of patients with PA and OSAS
The 68 patients with PA and snoring underwent PSG. Seven (10%) had mild OSA, 21 (31%) had moderate OSA, and 40 (59%) had severe OSA. The mean AHI was 36.27 ± 17.66/ h, and the lowest oxygen saturation level (SaO 2 ) was 78.6 ± 8.52%. None of the patients were diagnosed with OSAS and received continuous positive air pressure (CPAP) treatment before. As shown in Table 4 , the moderate OSAS patients had highest daytime SBP (P < 0.05), and the severe OSAS patients had the lowest SaO 2 (P < 0.05). There was no consistent significant tendency in terms of prevalence of male gender, urinary sodium, PRA, plasma and urinary aldosterone levels, and ARR with increasing severity of OSAS. The correlation analysis showed that BMI was negatively correlated with the lowest SaO 2 (r = −0.318, P = 0.018) (Fig. 1) but not with the AHI.
Discussion
The primary findings of this study were that all patients with PA with snoring were confirmed to have OSAS by PSG, with majority of them moderate-to-severe OSAS. When compared with those non-snoring patients, patients with snoring (in this study, they were actually patients with OSAS) were more commonly men, more often obese (with higher BMI values), and were also more likely to have higher diastolic blood pressure; higher levels of triglycerides, low-density lipoprotein, and serum and urinary sodium; and lower eGFR, supine plasma aldosterone levels, and ARR. When matched for age, sex, duration of hypertension, and BMI, the PA with snoring group still showed significantly reduced eGFR as well as higher serum and urinary sodium levels and lower ARR.
In recent years, the prevalence of comorbid PA and OSAS has greatly increased as screening methods have improved. The prevalence of OSAS in patients with PA has been reported as 6.7% and reached up to 59.4% in resistant hypertension patients with PA. In our study, 10% (68 cases) patients with snoring received PSG examination and all were diagnosed to have OSAS; they were symptomatic as indicated by the mean AHI superior than 30/h. Unlike the , and we did not systemically do this screening in other 609 control patients with PA. It is possible that some patients with a milder form of OSAS were ignored in the initial screen and were recruited into the control group. From this point of view, the actual prevalence of OSAS in our patients with PA must be higher than the current one.
Patients with both PA and OSAS may theoretically have severe organ damage and metabolic disorder, although this has not been adequately investigated. In our study, we observed lower eGFR in snoring patients who were confirmed to have OSAS. This decrease may be related to nocturnal hypoxia as reported by the European Sleep Apnea Database cohort study that was conducted on 7770 patients and found that the lowest nocturnal SaO 2 is an independent predictive factor of eGFR < 60 mL/min·m 2 [15] . Recent studies found that repetitive nighttime hypoxemia and hypercapnia stimulate the secretion of aldosterone via RAAS activation [7] . Aldosterone further causes renal dysfunction by inducing glomerular sclerosis, tubulointerstitial fibrosis, and damage to glomerular mesangial cells and podocytes [16] . In addition, upper airway collapse that occurs repeatedly during sleep induces arterial hypoxia and ischemia-reperfusion injury, leading to systemic inflammatory responses, oxidative stress, and eventually renal injury [17] . Taken together, patients with PA plus OSAS may develop exacerbated renal injury. Prejbisz et al. [2] found that patients with resistant hypertension who had PA plus OSAS were more obese, had more metabolic abnormalities, and exhibited more frequent microalbuminuria and left ventricular hypertrophy than patients with either PA or OSAS alone. Among patients with resistant hypertension in our study, those complicated by OSAS were younger and more likely to be male, obese, and had higher serum and urine sodium levels; however, no difference in proteinuria or left ventricular hypertrophy was observed (data not shown).
Compared to patients with PA alone, patients with PA and snoring in our study showed milder renin suppression as characterized by a higher renin activity level and relatively lower plasma and urinary aldosterone levels and ARR. These differences were observed even after patients were matched for age, sex, duration of hypertension, and BMI. This presentation is partially associated with the activation of the RAAS pathway as a consequence of recurrent hypoxemia and hypercapnia while OSAS patients are asleep [7] . Additionally, obesity was common in patients with PA plus OSAS, as adipocytes and their derivative factors have been shown to activate the local RAAS pathway [18] . However, we did not find the AHI positively related to PRA as showed in the Di Murro's study [3] . Patients with PA and snoring also had higher serum and urinary sodium levels. High salt intake theoretically inhibits PRA and aldosterone secretion. Besides, high salt intake increased water retention and enhanced submucosal edema and further aggravated OSAS. There exists a vicious circle. At last, the relatively lower aldosterone levels in patients with PA and snoring may be related to the pathological subtypes of PA patients. In this study, most operated PAonly patients had adenoma (51.4%), while most OSAS patients had hyperplasia (93.3%). However, the number of operated patients in the PA plus OSAS group is too small. It is generally recognized that patients with aldosteroneproducing adenomas (APAs) have more florid clinical features than those with hyperplasia owing to higher aldosterone and lower serum potassium levels [19, 20] . Previous studies [21] [22] [23] reported that nearly 35-80% of APA cases contained somatic mutations, mainly in the KCNJ5 gene. Mechanistic research has found that KCNJ5 mutations can cause adrenal cell proliferation and promote aldosterone production. It will be interesting to further analyze the Values are indicated as medians (25th, 75th) or as percentage PA primary aldosteronism, ARR aldosterone-to-renin activity ratio mutation status of the operated patients of both groups in a larger-scale study. Currently, ARR is widely used in clinical practice as a screening parameter for PA, as recommended by the Endocrine Society's clinical guidelines [10] . PA confirmation tests are usually prescribed when the ARRs are greater than their cutoff values on screening. In our study, a greater proportion of patients in the PA with snoring group showed milder suppression of renin activity and lower ARR than in the control group. It can be speculated that some patients with OSAS and unsuppressed PRA may be ignored during the PA screening that count mainly on the value of ARR; even they had higher plasma aldosterone level. To reduce the possibility of false negative screening on this group of patients, a lower ARR cutoff value might be needed.
Several well-designed clinical studies are required to set an appropriate reference cutoff value for ARR in patients with OSAS. Different types of patients, including those with OSAS alone or with OSAS complicated with primary hypertension, should be included in such studies; BMI and other confounding factors must be considered as well.
In our patients with OSAS, there was as no consistent significant tendency in terms of prevalence of male gender, urinary sodium, plasma and urinary aldosterone, PRA, and ARR with increasing severity of OSAS; these results resemble that of Wolley's study [9] . We did not find a positive correlation between PRA levels and AHI as indicated by Di Murro's study [3] . Our analysis revealed that the BMI negatively related to the lowest oxygen saturation. Values are indicated as means ± standard deviations or as medians (25th, 75th) PA primary aldosteronism, OSAS obstructive sleep apnea-hypopnea syndrome, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, eGFR estimated glomerular filtration rate (Modification of Diet in Renal Disease [24] ), LVMI left ventricular mass index [25] , ARR plasma aldosterone-to-renin activity ratio
Our retrospective study included some limitations. We conducted PSG only in self-reported or witnessed snoring patients. The lack of systemic use of sleepiness questionnaires or prediction algorithms may have resulted in some patients with milder presentations of OSAS being recruited into the PA-only group. Moreover, PSG was not repeated after adrenalectomy or mineralocorticoid medical treatment. Among the 68 patients with PA plus OSAS in our study, only 12 used CPAP treatment after diagnosis, and 6 of them persist on treatment 1 year later. Most patients felt uncomfortable wearing the mask during try-out and discourage them to continue the treatment.
In conclusion, patients with PA and snoring had higher BMI, diastolic blood pressure, serum and urinary sodium, and renin activity, as well as lower eGFR, aldosterone levels, and ARR than patients with PA alone. The majority of patients with snoring were confirmed to have moderateto-severe OSAS. It is essential to set a reference ARR range for patients with snoring or OSAS when screening for PA. Additionally, the prognosis of patients with PA plus OSAS receiving CPAP treatment, spironolactone, or adrenalectomy requires further investigation.
Summary Table
What is known about the topic?
• OSAS induces the activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system (RAAS). Currently, the aldosterone-to-renin ratio (ARR) is widely used in clinical practice as a screening parameter for PA.
• Both PA and OSAS can result in serious cardiovascular and renal diseases, as well as metabolic syndrome.
What this study adds
•
Patients with PA and snoring in our study showed milder renin suppression as characterized by a higher renin activity level and relatively lower plasma and urinary aldosterone levels and ARR.
• Patients with PA and snoring who confirmed to have OSAS by PSG have severe organ damage and metabolic disorder with higher BMI, diastolic blood pressure, and lower eGFR. 
